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1. Angiogenic vs. non-angiogenic ovarian cancer tumors

We used ALPACA to compare angiogenic and non-angiogenic ovarian tumors from The Cancer
Gene Atlas (TCGA). We examined the resulting modules and their connections to ovarian cancer in
detail, focusing on non-redundant GO terms that had an overlap of three genes or more with the
module in which it was enriched (Figure 4 and Supplementary Table 1). Module 4 was enriched for
“flavonoid glucuronidation” and contains the UDP glucuronosyltransferases UGT2B15, UGT1A8, and
UGT2B17, enzymes that can help metabolize flavonoids and regulate hormones. Studies have hinted
that dietary intake of flavonoids may reduce the risk of ovarian cancer but the association is not
statistically robust, and the mechanism is unknown." Our results suggest that the UGT family of
enzymes may mediate the connection between flavonoids and ovarian cancer. Module 5 is enriched in
“urogenital system development” and contains several genes that are highly relevant to ovarian cancer.
HNF1B is known to be a subtype-specific ovarian cancer susceptibility gene.* Its expression level and
promoter methylation status is predictive of clear cell and invasive serous subtypes of epithelial ovarian
cancer. ESR1 is the estrogen receptor and is central to breast and ovarian cancer. IQGAP1 is a
scaffold protein whose expression appears to drive invasion and progression of ovarian cancer
tumors.>” SOX11 acts as a tumor suppressor in ovarian cancer, and its expression is regulated by
methylation and predicts patient survival.®®

We found that module 12 was enriched in triglyceride homeostasis. Although it is not known
whether there is a dietary effect of triglycerides on ovarian cancer risk, several studies have noted that
ovarian carcinomas have distinctive lipid profiles and metabolic characteristics.' Our results suggest
that metabolic pathways involving hepatic lipase C (LIPC) and glucokinase regulator (GCKR) may be
mobilized differently in poor-prognosis ovarian cancer. Finally, modules 16 and 17 were enriched for
various terms involving interferon response, interleukins, and regulation of the NFkB pathway,
consistent with the theory that chronic inflammation is associated with risk of cancer."" Specifically, the
interleukin IL6 has been proposed as a therapeutic target, and IL12 is a prognostic factor in ovarian
cancer.'®" Interferons have cytotoxic properties in ovarian cancer cells.”'® NFkB activation is
correlated with poor prognosis in ovarian cancer, and blocking the NFkB pathway can reduce
anchorage-independent growth and invasiveness in cell culture assays."”

Module 7 was enriched in “blood vessel development” and “positive regulation of cell migration,”
reflecting the invasive and angiogenic characteristics of poor-prognosis ovarian tumors. The apoptosis

gene PDCDG6 is a member of both GO terms and is topologically central to this module. Interestingly, it



is a known predictor of progression free survival in ovarian cancer and synergizes with cisplatin to
inhibit ovarian cancer cells in vitro."®?° CYR61, also a member of both GO terms, is an extracellular
matrix (ECM) signaling protein that is overexpressed in poor prognosis ovarian carcinoma.?"? CTGF
(connective tissue growth factor) is an angiogenic ECM protein, and it appears to have an inverse
relationship with CYR61; high CTGF expression correlates with low CYR61 in low-grade tumors with

increased survival.?®

Overall, this suggests that the ALPACA modules contain functional groups of
prognostic genes that may interact with each other to produce distinct phenotypes. ALPACA could
therefore be a useful feature selection step to isolate small groups of pathway genes and build more
complex predictive models.

Module 7 was also enriched in growth hormones and the JAK-STAT cascade. The JAK-STAT
pathway is constitutively active in breast, ovarian and prostate cancers, and nuclear localization of
activated STAT3 is associated with worse survival and chemoresistance in ovarian cancer. Treatment
with JAK2 inhibitor reduces tumor burden in ovarian cancer xenografts.?* Members of module 7 that are
annotated with this GO term include growth hormones 1 and 2 (GH1 and GH2). This pathway is already
known to be a drug target in ovarian cancer, and growth hormone-releasing hormone (GHRH)
antagonists reduce proliferation of ovarian cancer cells both in vitro and in vivo.*?’

We ranked all genes in the network by their contribution to the differential modularity, using
either the raw score S; or a normalized version S; which corrects for the size of the module, and then
performed Gene Set Enrichment Analysis (GSEA) (see Materials and Methods for more details). The
normalized version of the score resulted in much stronger functional enrichment, including interferon
response, interleukin secretion, blood vessel remodeling, and epithelial cell apoptosis (Supplementary
Table 4). Many of the significant GSEA results were also found in the module-specific analysis
described above.

Among the differentially expressed genes (DEGs) between non-angiogenic and angiogenic
tumors, we found strong enrichment for “blood vessel development” and “angiogenesis,” as well as
processes related to cell migration, cell adhesion, and embryonic morphogenesis (Supplementary
Table 1). The DEGs were not enriched for any of the other functions found using ALPACA, like
interferon response, interleukin production, or flavonoid biosynthesis. Moreover, we found that only
about half of the GO term-associated genes and core transcription factors in the ALPACA modules
were differentially expressed with P, < 0.05. In other words, the ALPACA modules do not merely

recapitulate the top differentially expressed genes and regulators.

2. Tumor virus perturbations in primary human cells
We compared the regulatory network active in cells expressing transforming viral oncogenes
with the network active in cells expressing control vectors. ALPACA was the only method to identify

communities representing several cancer pathways that are known to be targeted by tumor viruses,



including extracellular matrix (ECM) organization, NFkB signaling, and embryonic development (Figure
5 and Supplementary Table 2). Module 1 is enriched in “cellular calcium ion homeostasis” and
“regulation of NIK/NF-kappaB signaling.” NFkB and Nuclear factor of activated T-cells (NFAT) are two
important cancer-related pathways that activate immune cells, and NFAT activity is modulated primarily
through intracellular calcium levels. Merkel cell polyomavirus and EBV LMP1 are both known to
functionally perturb the NFkB pathway through different mechanisms.?**® EBV, HPV16 and several
polyomaviruses target the genes CHI3L1, TLR9, and SOCS1, which are all among the top-scoring
nodes in this module.*** EBV and HPV infections both alter calcium signaling in the host cell.***
Tumor viruses use these pathways in a variety of ways to increase cell growth and manipulate the
innate immune response.

We found that module 4 was enriched in many terms related to “embryonic morphogenesis” and
development. We previously found that tumor viruses co-opt the Notch pathway, which is central to
embryonic development, in order to promote cell growth and tumorigenesis.® The GO term enrichment
among the target genes in module 4 is driven by the homeobox (HOX) TFs, whose expression is
regulated by EBV LMP1 and HPV E7 through differential methylation.***' Module 4 was also enriched
in “extracellular matrix organization.” The epithelial-to-mesenchymal (EMT) transition is a key step in
epithelial tumorigenesis, and cells undergoing EMT often acquire the ability to degrade extracellular
matrix (ECM) proteins and increase their invasive potential.*? In particular, the transforming HPV E6
and E7 proteins are able to upregulate matrix metalloproteinases (MMPs) in order to degrade ECM and
increase cell migration, thus leading to cellular transformation.*?

Both ALPACA and the edge subtraction method detected a difference in the regulation of
histones, suggesting that epigenetic changes may be a key factor in the transformation of human cells
by viral oncogenes. ALPACA also identified a separate module (module 8) that was enriched in
proteins involved in “DNA conformation change.” Indeed, the importance of epigenetics in
transformation has already been demonstrated for many tumor viruses. HPV16 E7 induces histone 3
lysine 27-specific demethylases,41 EBV LMP1 and LMP2A modulate the activity of DNA
methyltransferases and interact with histone modifiers,** and adenovirus E1A causes sweeping
changes in histone acetylation.*®

Ranking all the genes by their contribution to the differential modularity and running GSEA
resulted in a number of significant pathways related to chromatin silencing, cell differentiation,
chemotaxis and morphogenesis (Supplementary Table 4).

We also studied the differentially expressed genes between cell lines expressing transforming
viral proteins and control cell lines. The DEGs were enriched in GO terms pertaining to interferon
response, negative regulation of cell death, cell communication and NFkB activity, but there was no
enrichment in many of the GO terms found using ALPACA, including mitochondrial translation, mitotic

cell cycle, DNA conformation change, and chromatin assembly (Supplementary Table 2). The top 100



DEGs were enriched for “negative regulation of cell death,” but the genes in this category had no
overlap with the genes annotated with “mitotic cell cycle.” Only 4 of the 23 genes annotated with
“mitotic cell cycle” were significantly differentially expressed. None of the transcription factors regulating
the mitotic cell cycle module - RB1, TFDP1, ATF1, ATF2 and ATF6 — were differentially expressed.

3. Sexual dimorphism in normal breast tissue

We tested whether ALPACA could find sex-specific modular structure in the breast regulatory
network (Figure 6). We first compared the male regulatory network against the female regulatory
network and found 18 male-specific differential modules (Supplementary Table 3). Module 2 was highly

enriched in developmental processes, including “nervous system development,” “response to BMP,”
and “blood vessel development.” Similarly, module 8 was enriched for “muscle organ morphogenesis.”
These results are not surprising and reflect the fact that male and female breast tissues have significant
differences in their developmental trajectory. We note that many of the developmental genes in these
modules are associated with breast cancer. Among genes annotated with “nervous system
development,” the fibroblast growth factor receptor (FGFR) is often amplified or dysregulated in breast
cancer, the HES5 locus is repositioned in invasive breast cancer, and VLDLR is often upregulated in
metastatic breast cancer.*®*® The blood vessel development category included genes such as GATAS,
a known oncogene that may drive EMT in the breast; TBX3, which appears to repress the tumor
suppressor p14ARF and drive metastatic breast cancer; PRRX2, which increases invasiveness in
breast tumors; and RASA1, whose expression is associated with poor prognosis in breast cancer.>
Among the BMP response and muscle development groups, there are several genes, like TWSGH1,
VANGL2, and GSC, which are relevant to both normal breast development and breast cancer.>**®
Module 7 was enriched for terms related to rRNA processing and module 14 contained genes relevant
to chromatin assembly, suggesting that transcription and translation are reorganized at a global level
between males and females.

Next, we compared the female breast regulatory network against the male network and found
17 female-specific regulatory modules. Among those, module 15 is enriched in “intracellular estrogen
receptor signaling pathway,” a pathway that is known to be critical for female breast development. The
highest-scoring gene in this pathway, PPARGC1B, is a co-activator of the estrogen receptor and is a
genetic risk factor for estrogen receptor-positive breast cancer.*”*® Module 10 was enriched for
“positive regulation of ERK1 and ERK2 cascade.” ERK1/2 signaling is a major pathway involved in
estrogen-induced cell proliferation and breast cancer.**® This module contains the growth arrest-
specific gene GAS6, which is induced by estrogen and is associated with chemoresistance and

metastasis in breast cancer,®'

and the chemokine CCL5, which has been proposed as a therapeutic
target for estrogen-dependent breast cancer.®*®° Module 10 was also enriched for Type | interferon

response, which may be a result of the increased blood and lymphatic penetrance in normal female



breast development. We found module 17 to be enriched for “negative regulation of cell-substrate
adhesion” and contained SPOCK1 and NOTCH1, both known markers of invasion and breast cancer
progression.®® Finally, module 5 was enriched in transcriptional regulation factors, similar to the
enrichment in chromatin remodeling found in the male breast network.

Applying GSEA to all the genes ranked by their contribution to the differential modularity in
female breast tissue, we found enrichment for mitosis and DNA replication, Notch signaling, and
chromatin organization (Supplementary Table 4). Intracellular estrogen receptor signaling was
positively enriched with an FDR of 0.254, which was slightly too high to pass the GSEA significance
threshold. In male breast tissue, the most significantly enriched pathways related to chromatin
modification, cell-cell junctions, and differentiation pathways.

In contrast, the genes that are differentially expressed between male and female breast tissue
are enriched for processes like immune response, protein localization, chemotaxis, MAPKK activity,
and DNA damage response (Supplementary Table 3). The differentially expressed genes are not
enriched for estrogen receptor signaling, GTPase activity, ERK1/2 cascade, and many other processes
that were identified through ALPACA analysis, regardless of the significance threshold used to define
differential expression. In general, we found that most of the core genes in the ALPACA modules are
not differentially expressed. For example, only one of the genes annotated to the estrogen receptor
signaling pathway is differentially expressed.

In summary, consistent with expectations based on both the functional differences of male and
female breast, and the profound differences in gene expression, ALPACA was able to identify major
biological processes associated with differences in breast development between females and males,

many of which are also known to be dysregulated in breast cancer.
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